A method of electrically stimulating neural elements confined within small volumes of brain at predetermined deep locations without employing probes is considered theoretically. The basic principle of the method is the partial rectification in the focal region of an ultrasonic field of the alternating current that flows in the entire brain, or a major portion thereof, in response to an externally applied electric field of the same freqeuncy. Since the magnitude of the electrical conductivity of the tissue varies with the temperature the adiabatic temperature, changes produced by the acoustic disturbance cause a periodic variation in the conductivity that results in a net unidirectional transfer of charge when the oerequenices of the two fields are equal. The condition for stimulation is expressed quantitatively by a relation involving the amplitudes of the electric and acoustic field parameters, the thermal coefficient of electric conductivity of the tissue, the threshold quantity of charge that must be transferred unidlrectionally per unit area to result in stimulation, the pulse duration, and a parameter that is determined by the geometric orientation of the electric and ultrasonic field vectors at the acoustic focus. Numerical calculations suggest that stimulation can be produced in the absence of thermal or other mechanisms of damage to the tissue. The values of the charge-stimulation and electricalconductivity parameters employed in the calculations are derived from available experimental data.
The stimulation of neural elements is produced by the unidirectional net transfer of sufficient quantity of electric charge, the magnitude of the charge depending in general on auxiliary experimental conditions. Quantitative studies of electrostimulation parameters such as pulse duration have changes with the temperature, the acoustic field thus induces a periodic variation into the values of these parameters with the maxinmm variation occuring at the focus of the field. The amplitude of the variation in the focal region, as compared with that in the intervening tissue, is dependent upon the "gain" of the focusing system and the acoustic losses that occur in the tissue. Since the freqnency of the electric field, and thus the currents produced in the tissue in response to it, and the frequency of the acoustic field are equal, it is apparent that the current that flows in the tissue at the focal center when the temperature is increased above the average value (that is, during a compressive half-cycle of the acoustic wave) is not equal to the current that flows in the opposite direction during a rarefaction half-cycle of the wave (that is, when the temperature is below the average value for the tissue). Thus a unidirectional transfer of charge occurs (the return part of the current loop lies off the focal center), that is, the charge transferred at the focal center during a compressive half-cycle of the sound wave is not equal to the charge transferred in the opposite direction during a rarefaction half-cycle; the magnitude of this unidirectional or rectified charge transfer is determined by various factors including: (1) the amplitude of the periodic temperature change in the sound-wave field at the focus, (2) the "linearity': of the brain tissue and coupling medium for the propagation of finite-amplitude acoustic waves? (3) the magnitude of the acoustic absorption coefticient incl.
•ding its dependence on the frequency, (4) the magnitude of the electrical conductivity of the tissue and its coefficient of variation with temperature, and (5) the amplitude of the electrical field that induces the current flow in the tissue.
The feasibility of producing electrical stimulation at localized sites within the brain by the method outlined depends upon the magnitudes of the indicated parameters and their determination of the maximum values of the electric-and acoustic-field variables that can be employed. Therefore, it is necessary to consider quantitatively a number of different aspects of the proposed method, and all of those of evident importance are considered in this paper. An ontline of these aspects, considered analytically in subsequent Sections, is now presented. First, it is convenient to express the conditions for electrical stimulation, based on the principle under consideration, in terms of a relalion between electric-current density• acoustic sound-pAse amplitude (temperature, pressure), pulse length, and threshold could result in stimulation. However, many such combinations are unacceptable because of wtrious limiting factors some associated with the sound field, others associated with the electric field.
For the sound field, it is necessary to choose a frequency sufficiently high to produce a small focal volume in order to appropriately confine the stimulation. Since ultrasonic absorption per unit path length increases linearly with the frequency in the range of possible interest, it is apparent that one upper limit to the frequency is determined by the magnitude of the absorption, the depth of the penetration desired, and the gain of the focusing system. In addition, since the sound levels that must be employed are high, it is necessary to take into account the transfer of energy that occurs, during propagation to the focus, from the fundamental frequency of the field to the harmonics. Also, the ¾alues of the parameters of the sound pulse must be below those that produce lesions either by thermal or nonthermal mechanisms (Fry, m and Barnard el alY).
With respect to the electric field, it is necessary to consider possible difficulties associated with its application to the brain, such as field concentrations in the neighborhood of the electrodes and impedances associated with electrode interfaces (Schwan •2 and Schwan and Maczuk•a). The effectiveness of the induced variation in electrical conductivity (recent experimental data obtained at this laboratory indicate that dielectric susceptibility changes are less important in the usable frequency range) in causing a periodic redistribution of the electric currents in the region of the focus must be evaluated. It is also necessary to compute the temperature rise produced in the tissue by the electric field and to consider the heat-exchange problem introduced by the application of the field to the entire brain or a reasonable fraction thereof. Quantitative analysis of these factors indicates limitations on the ranges of the values of the field parameters that can be used and thus identifies possible combinations that can be employed experimentally in attempting to stimulate.
I. ANALYSIS
Since the method under consideration employs focused ultrasound to produce localized stimulation and since the region to be activated is determined by the volume of the focal region, it is essential that the acoustic frequencies employed be such that the wave- •2 H. P. Schwan, "Alternating Current Electrode Polarization," Biophysik 3, 181-201 (1966).
•a H. P. Schwan and J. G. Maczuk, "Electrode Polarization I•npedance: Limits of Linearity," Proc. 18th Ann. Conf. Eng. Med. Biol., 18th IEEE-ISA 24 (1965). length of the sound in the tissue is relatively small. That is, since the transverse diameter of the focal region is of the order of one-half wavelength, one should employ a frequency high enough so that a half-wavelength is of the order of the diameter of the tissue volume to be slimulated. However, it should be noted that for the transducer geometry normally employed to irradiate the brain, the longitudinal diameter of the focus is longer, in general, than the transverse diameter. (See, for example, Fry and Dunn. •4) In addition, it is observed that since the magnitude of the absorption coefficient of the sound in the tissue increases with the frequency, it is not possible to decrease the diameter of the focal region indefinitely by the choice of higher frequencies. Based on this consideration alone, the useful fi'equencies for the intended purpose if penetration to the maximum depth is to be achieved in relatively large brains is between 1 and 10 MHz. (The wavelength in the brain at 1 MHz is approximately 1« ram.)
The formulas derived are applicable over a wide range of frequencies, but it is convenient for fixing the ideas to illustrate the relative magnitudes of many of the parameters by calculations made at one specific frequency. It is to be observed first that the mechanism considered here, and for the frequencies of immediate interest, one can confine the considerations to changes in the resistivity of the tissue induced by the acoustic field. At frequencies from 1 to 4 MHz, the specific electrical resistance (parallel-circuit representation) of mammalian brain gray matter is close to 250 fi.cm at normal body temperature. This estimate is based on: values of the specific electrical impedance of rabbit cerebral cortex in vivo reported relatively recently by Ranck, •s early data on minced human brain at 23øC reported by Rajewsky) • and on preliminary experimental measurements in the frequency range of interest on excised rat brain at this laboratory. The pertinent information in the second reference is listed by Schwan •* in a comprehensive review chapter (see Table V Therefore, the principal attention in this paper is centered on the resistivity of the tissue as having significance with respect to the mechanism of stimulation considered here2 s
In frequency ranges where the value of the resistivity of the tissue is essentially independent of the frequency, that is, not in relaxation regions (Schwan•7), the temperature coefficient of the specific resistance is that characteristic of electrolytic solutions corresponding to the composition present in the tissue. A value of --2%/C ø would constitute a reasonable choice for brain tissue in the absence of specific information. However, since the operating frequencies of interest may be within or ne;•ghbor such a relaxation region, it is important to have at least rough measurements of the temperature dependence of the resistivity at hand for any specific frequency under serious consideration. Accordingly, measurements of the changes in resistance and reactance, as a function of the temperature, were made at this laboratory on a series of freshly excised rat brains. The data indicate that at a frequency of 1 MHz and at normal body temperature the mag•tilude of the change in specific resistance is at least 2%/øC.
As a result of the periodic temperature change that occurs in a sound field, it is apparent that the specific electrical conductivity of the brain at any position in the focal region of an ultrasound beam changes periodically at the frequency of the acoustic field. No data are
•8 The subsequent analysis, with relatively minor changes, is applicable also at frequencies for which the specific reactance is comparable to or smaller than the specific resistance. •0 F. K6rber, "Uber den Einfluss des Druckes auf das elektrolytische Leitverm6gen yon LOsungen," Z. Physik. Chem. 212-248 0909).
•The amplitude change &a is dependent on the space coordinate x because of the convergence and divergence of the beam.
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Volume 44 Since the resulting response in current density for any orientation between electric-field vector and beam axis can be obtained by superimposing in appropriate fashion the current-density changes that occur in the two configurations shown in Figs. 1 and 2, we need consider only these two in detail. In Fig. 1 , the electricfield vector is oriented at right angles to the acousticparticle-velocity vector, which is along the direction of propagation. In Fig. 2 , the electric-field vector is parallel to the acoustic-particle-velocity vector.
It is necessary now to derive for each of the two configurations a relation bet•veen the change in the magnitude of the electrical conductivity of the tissue in the focal region and the corresponding change in the magnitude of the current density which results. This is most appropriately obtained by analysis (in progress) based on the partial differential equation involving the potential function for the electric field and the gradient of the conductivity, but a simplified lumpedcircuit analogy, not included here because of the length, does provide a way of estimating quantitatively the relation between fractional changes in conductivity and current density--that is, a means for evaluating the proportionality parameter 1" in the expression Table I A second observation of some interest is suggested by Eqs. 23 and 24. As Lilly n has shown for pulse durations less than 0.1 msec, the macroelectrode charge transfer for stimulation tends to a constant value--i.e., the value of the quantity q• required for stimulation is independent of the pulse length. Under such conditions, it follows from Eq. 24 that the charge transfer Since the sound levels that must be employed to achieve stimulation by the mechanism under consideration are extremely high, it is necessary to take into account the cavitation thresholds for both tissue and coupling media. in selecting an appropriate frequency of operation. These threshold values are dependent on the manner in which the liquid is degassed and/or freed of nuclei that constitute sites for cavitation initiation.
The threshold is dependent on: the viscosity of the medium, the frequency of the acoustic field, the pulse duration, the vapor pressure, the dissolved gas content, and possibly a number of other factors? It has been shown by Esche a• that the cavitation threshold for alegassed water at room temperature rises rapidly at frequencies near 1.0 MHz and, in fact, is greater than 50 atto for this frequency. As the frequency is increased above this value, the threshold for water rises rapidly. 
